The relevance of chiral symmetry in baryons is highlighted in three examples in the nucleon spectroscopy and structure. The first one is the importance of chiral dynamics in understanding the Roper resonance. The second one is the role of chiral symmetry in the lattice calculation of πN σ term and strangeness. The third one is the role of chiral U (1) anomaly in the anomalous Ward identity in evaluating the quark spin and the quark orbital angular momentum. Finally, the chiral effective theory for baryons is discussed.
Introduction
It is well-known that for three-flavor Quantum Chromodynamics (QCD), the chiral symmetry SU (3) L ×SU (3) R is spontaneously broken to the diagonal SU (3) V with the octet pseudoscalar mesons as the Goldstone boson. There is also a U A (1) anomaly which begets a heavy η meson. As such, pions and chiral symmetry are important for low-energy hadron physics and the chiral dynamics has been successfully applied in subjects such as ππ scattering, 1,2 vector dominance, 3 KSRF relation, 4 low-energy πN scatterings, 1, 5 πN scattering up to about 1 GeV with the skyrmion, 6 nucleon static properties, 7 electromagnetic form factors, 7 πN N form factor, 8 and the Goldberger-Treiman relation. 9 The long range part of the nucleon-nucleon potential is due to one pion exchange and more modern NN potential has included the correlated two-pion exchange potential to account for the intermediate range attraction. 10, 11 These are the major ingredients in the realistic phase-shift equivalent NN potentials.
Realization and application of chiral symmetry in hadrons and nuclei has been a major research theme in Gerry Brown's scientific career. These include chiral symmetry in nucelon-nucleon interaction, 13 meson exchange currents, 14 and his joint research effort with Mannque Rho on little chiral bag, 15 Brown-Rho scaling, 16 and dense nuclear matter.
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With the advent of Quantum Chromodynamics (QCD) and the lattice chiral fermion formulations in domain wall fermion 18 and overlap fermion, 19 lattice QCD has provided a new tool in addressing the role of chiral symmetry and the associated dynamics in first principle's calculation in terms of quarks and gluons. In this memorial manuscript, I will discuss 3 examples in baryons where chiral symmetry plays a crucial role as a way to pay tribute to Gerry's teaching throughout the author's professional career and to echo his passion of chiral symmetry by extending the study of chiral symmetry from nuclear structure to nucleon structure. 20 The 3 examples are the Roper resonance, the pion nucleon sigma term and strangeness, and the quark spin as representative cases for the importance of chiral symmetry in baryon spectroscopy and structure.
Roper resonance
The Roper resonance has been studied extensively, but its status as the lowest excited state of the nucleon with the same quantum numbers is intriguing. First of all, it has been noted for a long time that it is rather unusual to have the first positive parity excited state lower than the negative parity excited state which is the N − 1/2 (1535) in the S 11 πN scattering channel. This is contrary to the excitation pattern in the meson sectors with either light or heavy quarks. This parity reversal has been problematic for the quark models based on SU (6) symmetry with color-spin interaction between the quarks 21 which cannot accommodate such a pattern. Realistic potential calculations with linear and Coulomb potentials 22 and the relativistic quark model 23 all predict the Roper to be ∼ 100 -200 MeV above the experimental value with the negative parity state lying lower. On the other hand, the pattern of parity reversal was readily obtained in the chiral soliton model like the Skyrme model via the small oscillation approximation to πN scattering. 6 Although the first calculation 24 of the original skyrmion gives rise to a breathing mode which is ∼ 200 MeV lower than the Roper resonance, it was shown later 25 that the introduction of the sixth order term, which is the zero range approximation for the ω meson coupling, changes the compression modulus and produces a better agreement with experiment for both the mass and width in πN scattering.
Since the quark potential model is based on the SU (6) symmetry with residual color-spin interaction between the quarks; whereas, the chiral soliton model is based on spontaneous broken chiral symmetry, their distinctly different predictions on the ordering of the positive and negative parity excited states may well be a reflection of different dynamics as a direct consequence of the respective symmetry. This possibility has prompted Glozman and Riska to suggest 26 that the parity reversal in the excited nucleon and ∆, in contrast to that in the excited Λ spectrum, is an indication that the inter-quark interaction of the light quarks is mainly of the flavor-spin nature, which implies Goldstone boson exchange, rather than the color-spin nature due to the one-gluon exchange. This suggestion is supported in the lattice QCD study of "Valence QCD" 27 where one finds that the hyperfine splitting between the nucleon and ∆ and also between ρ and π are largely decimated when the Z-graphs in the quark propagators are removed. This is an indication that the color-magnetic interaction is not the primary source of the inter-quark spin-spin interaction for light quarks. (The color-magnetic part, being spatial in origin, should be unaffected by the truncation of Z-graphs in Valence QCD, which only affects the time part.) Yet, it is consistent with the Goldstone-boson-exchange picture which requires Z-graphs and thus the flavor-spin interaction.
The failure of the SU (6) quark model to delineate the Roper and its photo-production has prompted the speculation that the Roper resonance may be a hybrid state with excited glue 28 or afive quark state.
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Thus, unraveling the nature of Roper resonance has direct bearing on our understanding of the quark structure and chiral dynamics of baryons. Lattice QCD is, in principle, the most desirable tool to adjudicate the theoretical controversy surrounding the issue. However, there is a complication. As shown in Fig. 2 It was previously reported 34 that to check the different algorithmic approaches, the SEB method was used on the gauge configurations that are produced by HSC Collaboration 31 to calculate the nucleon and the Roper. These are 2+1 flavor Clover fermion gauge configurations on the anisotropic 24 3 × 128 lattice with a s = 0.123 fm and the light u/d sea quark mass corresponds to a pion mass of ∼ 390 MeV (N.B. the HSC results in Fig. 1 were obtained on the 16 3 × 128 lattice with the same action and quark mass.) The SEB fitting of the nucleon and Roper masses are shown in Fig.  1 together with the variational results from HSC. 31 We see that while the nucleon mass agrees with that from HSC; the Roper, on the other hand, is lower than that from HSC by ∼ 300 MeV (blue point in Fig. 1 ) with a ∼ 3σ difference. To verify that this difference is not due to the fitting algorithm, we have carried out a variational calculation with different smearing sizes for the interpolation field. We see that when the r.m.s. radii of the Gaussian smeared source include one as large as 0.86 fm, the Roper does ap-pear lower at 1.92(6) GeV as shown by the second plateau in Fig. 2 (upper panel) and indicated by the red point in Fig. 1 . This is in agreement with the SEB result which is shown as the blue point in Fig. 1 . On the other hand, when the r.m.s. radii of all the Gaussian smeared sources are less than 0.4 fm, the nucleon excited state is higher -2.19(11) GeV as shown in Fig. 2 (lower panel) and indicated by the black dot in Fig. 1 , which is consistent with the HSC result indicated by the purple points in the same figure. This presumably confirms the speculation 34 that one needs a large enough source to have a better overlap with the 2S excited state which has a radial node at ∼ 0.9 fm from the study of its Coulomb wavefunction; 34 whereas, smaller sources may couple to the 3S state strongly and results in a higher mass. More importantly, the fact that this new variational result agrees with that from the SEB method suggests that the SEB method is a legitimate approach and, consequently, its extraction of the Roper at ∼ 1.6 GeV in this pion mass range from the overlap fermion calculation in Fig. 1 should be reliable.
The fitting algorithm issue being settled, this leads to the possibility that the difference is due to the different fermion actions at finite lattice spacing.
An extensive model has been constructed to study the N * resonance in πN scattering partial waves. 38 The unperturbed states are the bare N and ∆ and the meson-baryon reaction channels including πN, ηN, and ππN which has π∆, ρN , and σN resonant components. This model fits the πN scattering data well in various channels below 2 GeV. It is found 39 in the P 11 channel, the meson-baryon transition amplitude is strong, which shifts the bare 1/2 + N * at 1763 MeV down to (ReM R , −ImM R ) = (1357, 76) MeV which corresponds to the P 11 pole of N * (1440). This is a shift of ∼ 400 MeV in mass due to the meson-baryon coupling. Compared to the overlap fermion which has the lattice chiral symmetry which can have a larger 0|χ N,3q |πN matrix element and a large Roper to πN coupling. These 3 quark to 5 quark coupling which invokes a pair creation or the Zgraph might be curtailed in the Wilson fermions like in "Valence QCD" as we discussed above and consequently results in a higher Roper state. This is a plausible explanation which is verifiable with variational calculations of the Roper state with the Wilson-Clover fermion at smaller lattice spacings where chiral symmetry is better recovered. Given the pattern of level reversal, the πN scattering model and the lattice calculations, we believe the Roper resonance has a sizable πN component in its wavefunction 34 and is a showcase for the role of chiral dynamics. 
πN and strangeness sigma terms
As measures of explicit and spontaneous chiral symmetry breaking in the baryon sector, σ πN , defined as
is the averaged light quark mass, and f N s defined as the strangeness σ term as a faction of the nucleon mass
are fundamental quantities which pertain to a wide range of issues in hadron physics. They include the quark mass contribution in the baryon which is related to the Higgs contribution to the observable matter, 40,41 the pattern of SU(3) breaking, 40 πN and KN scatterings, 42, 43 and kaon condensate in dense matter. 44 Using the sum rule of the nucleon mass, the heavy quark mass contribution can be deduced by that from the light favors, in the heavy quark limit and also in the leading order of the coupling. 41, 45, 46 At the same time, precise values of the quark mass term for various flavors, from light to heavy, are of high interest for dark matter searches, [47] [48] [49] where the popular candidate of dark matter (likes the weakly interacting mass particle) interacts with the observable world throughout the Higgs couplings, so that the precise determination of the σ πN and σ sN can provide constraints on the dark matter candidates.
Phenomenologically, the σ πN term is typically extracted from the πN scattering amplitude. To lowest order in m 2 π , the unphysical on-shell isospin-even πN scattering amplitude at the Cheng-Dashen point corresponds to σ(q 2 = 2m 2 π ) 42,43 which can be determined from πN scattering via fixed-q 2 dispersion relation. 43 σ πN at q 2 = 0 can be extracted through a soft correlated two-pion form factor. [50] [51] [52] Analysis of the πN scattering amplitude to obtain σ πN (0) from the Lorentz covariant baryon chiral perturbation and the Cheng-Dashen low-energy theorem are also developed.
53-55 They give σ πN values in the range ∼ 45 − 64 MeV, while the most recent analysis 55 gives 59.1(3.5) MeV. Lattice calculations should be a good tool in giving reliable results to these quantities. Again, there is an issue about chiral symmetry. It was pointed out 56,57 that due to explicit chiral symmetry breaking, the quark mass in the Wilson type fermions has an additive renormalization and the flavor-singlet and non-singlet quark masses renormalize differently. In this case, the renormalized strange scalar matrix element N |ss|N R can be written as
where Z 0 and Z 8 are the flavor-singlet and flavor-octet renormalization constants respectively. Z 0 differs from Z 8 by a disconnected diagram which involves a quark loop. In the massless renormalization scheme, one can calculate these renormalization constants perturbatively. For the massless case whereψψ =ψ L ψ R +ψ R ψ L , a quark loop for the scalar density vanishes no matter how many gluon insertions there are on the loop, since the coupling involving γ µ does not change helicity. Thus, the massless scalar quark loop is zero and Z 0 = Z 8 . There is no mixing of the scalar matrix element with that of u and d. This is the same with the overlap fermion, since the overlap has chiral symmetry and the inverse of its massless quark propagator D c anti-commutes with γ 5 , i.e. {D c , γ 5 } = 0 as in the continuum. Fig. 3 . The results of σ πN (upper panel) and f N s (lower panel) from both phenomenology and lattice simulations. The narrow error bar for each data point is the statistical, and the broad one is that for the total uncertainty. The physical proton mass 938MeV is used to obtain f N s in this work. They are color-coded in phenomenological and indirect approaches (green), N f = 2 lattice calculations (blue), and N f = 2 + 1 lattice calculations (red). Detailed references are given in Ref. 59 This is not so for Wilson type fermion where its free quark propagator contains a term proportional to the Wilson r term which violates chiral symmetry and will give a non-zero contribution to the scalar matrix element at the massless limit, leading to Z 0 = Z 8 . Since the u and d matrix elements in the nucleon are not small, there can be a substantial flavor mixing at finite a. This lattice artifact due to non-chiral fermions can be removed by calculating Z 0 and Z 8 .
58 Furthermore, the direct calculation of the matrix element with Wilson type fermions faces the complication that the sigma term with bare quark mass is not renormalization group invariant. This can also be corrected with the introduction of various renormalization constants to satisfy the Ward identities. 58 All of these involve additional work and will introduce additional errors. On the contrary, there is no flavor mixing in the overlap fermion and the sigma terms are renormalization group invariant with bare mass and bare matrix element, since the renormalization constants of quark mass and scalar operator cancel, i.e. Z m Z s = 1 due to chiral symmetry. For the latest calculation with overlap fermion on 2 + 1 flavor domain wall fermion gauge configurations for several ensembles with different lattice spacings, volume, and sea masses including one at the physical pion mass, the global fit gives the prediction of σ πN = 45.9(7.4)(2.8) MeV and σ sN = 40.2(11.7)(3.5) MeV. This value of σ πN has a two-sigma tension with the recent results based on Roy-Steiner equations 55 which gives σ πN = 59.1(3.5) MeV. To conclude, we believe that to calculate σ πN and σ sN which are fundamental quantities reflecting both the explicit and spontaneous chiral symmetry, it is theoretically clean and straightforward procedure-wise to calculate them with chiral fermions on the lattice in order to obtain reliable results without the complication of renormalization and flavor-mixing as compared to non-chiral fermions.
Quark spin and orbital angular momentum
The quark spin content of the nucleon was found to be much smaller than that expected from the quark model by the polarized deep inelastic leptonnucleon scattering experiments and the recent global analysis reveals that the total quark spin contributes only ∼ 25% to the proton spin.
60 This is dubbed 'proton spin crisis' since no model seems to be able to explain it convincingly and, moreover, quantitatively.
Once again, first principle lattice calculation should be able to address this issue. The ideal calculation would be to use the conserved axial-vector current of the chiral fermions which satisfies the anomalous Ward identity (AWI) on lattice at finite lattice spacing. However, it is somewhat involved to construct the current itself for the overlap fermion. 61 Before it is implemented, one can use the AWI as the normalization condition for the simpler local axial-vector current
where
is the pseudoscalar density with D ov being the massless overlap operator and q the local topological charge as derived in the Jacobian factor from the fermion determinant under the chiral transformation whose local version is equal to 1 16π 2 tr c G µνGµν (x) in the continuum, 62 i.e.
κ A in Eq. (4) is the finite lattice renormalization factor (often referred to as Z A in the literature for the flavor non-singlet case) needed for the local axialvector current to satisfy the AWI on the lattice with finite lattice spacing, much like the finite renormalization for the vector and non-singlet axialvector currents. We shall call it lattice normalization. On the other hand, the mP and q defined with the overlap operators do not have multiplicative renormalization. There is a two-loop renormalization of the singlet A 1 µ and the topological charge q mixes with ∂ µ A 1 µ . It turns out that they are the same. Thus, the renormalized AWI is the same as the unrenormalized AWI (but normalized) to the α 2 s order. To utilize the AWI, one needs to calculate the matrix elements of 2mP and 2q on the r.h.s. of the AWI and extrapolate to q 2 = 0. However, the smallest |q 2 | is larger than the pion mass squared on the lattices that we work on, the extrapolation to q 2 is not reliable. Instead, we shall match the form factors at finite |q 2 | from both sides, i.e.
where the singlet g 1 A (q 2 ) and the induced pseodoscalar h 1 A (q 2 ) are the bare form factors. 2mg P (q 2 ) and g G (q) are the form factors for the pseudoscalar current and topology respectively. From this normalization condition one can determine κ A and the normalized g (44)(61). 63 This is more negative than the other lattice calculations with and axial-vector current, mainly because κ A = 1.36(4) is found to be larger than that of the flavor-octet axial-vector current. The lesson here is that, unless the conserved current is used to carry out the calculation, it is essential to adopt the AWI to obtain the normalization of the local axial-vector current. This is possible with the overlap fermion.
While the final numbers on the u and d spin fraction which include the connected insertion are still beng worked out, the initial results indicate that it is the larger negative 2mP matrix elements that cancel the positive topological charge term in the triangle anomaly in the disconnected insertions that lead to a small g There are various ways to decompose the proton spin into quark and glue spins and orbital angular momenta. 64, 65 From the symmetrized energymometum tensor of QCD (the Belinfante form), it is shown 66 that the proton spin can be decomposed as
where the quark angular momentum J q is the sum of quark spin and orbital angular momentum,
and each of which is gauge invariant. The glue angular momentum operator
is also gauge invariant. However, it cannot be further divided into the glue spin and orbital angular momentum gauge invariantly with the Belinfante tensor.
Since it has a large finite volume effect to calculate the operator with a spatial r on the lattice with periodic boundary condition, one can instead calculate the quark and glue momentum and angular momentum from their form factors T 1 (q 2 ) and T 2 (q 2 ) and obtain the momentum and angular momentum fractions from their forward limits, i.e. x = T 1 (0) and J = 1 2 (T 1 (0) + T 2 (0)), much like the electric charge and magnetic moment from the forward Dirac and Pauli form factors F 1 (0) and F 2 (0). After determining the quark angular momentum, the quark orbital angular momentum is obtained by subtracting the quark spin from it. This has been carried out in a quenched approximation. 67 The OAM fractions 2 L q kin for the u and d quarks in the CI have different signs and add up to 0.01(10), i.e. essentially zero. This is the same pattern which has been seen with dynamical fermion configurations and light quarks, as pointed out earlier.
The large OAM fractions 2 L q kin for the u/d and s quarks in the DI is due to the fact that g 1 A in the DI is large and negative, about −0.12(1) for each 12 Keh-Fei Liu of the three flavors. All together, the quark OAM constitutes a fraction of 0.47(13) of the nucleon spin. The majority of it comes from the DI.
As far as the spin decomposition is concerned, it is found that the quark spin constitutes 25(12)% of the proton spin, the gluon total AM takes 28(8)% and the rest is due to the quark kinetic OAM which is 47(13)%.
Since this calculation is based on a quenched approximation which is known to contain uncontrolled systematic errors, it is essential to repeat this calculation with dynamical fermions of light quarks and large physical volume. However, we expect that the quark OAM fraction may still be large in the dynamical calculation.
In the naive constituent quark model, the proton spin comes entirely from the quark spin. On the other hand, in the Skyrme model 68 the proton spin originates solely from the OAM of the collective rotational motion of the pion field. 69 What is found in the present lattice calculation suggests that the QCD picture, aside from the gluon contribution, is somewhere in between these two models, indicating a large contribution of the quark OAM due to the meson cloud (qq pairs in the higher Fock space) in the nucleon.
Effective theory of baryons
Many estimates of quark spin and OAM contributions of the nucleon are based on quark models. However, quark models are not realistic effective theories of QCD, since they do not have chiral symmetry, a salient feature of QCD whose dynamics governs light-quark hadron structure, spectroscopy, and scattering at low energies. It is being learned quantitatively through lattice calculations of quark spin from the anomalous Ward identity 63, 70, 71 that the smallness of the quark spin contribution in the nucleon is related to the U (1) anomaly, the same anomaly which is responsible for the large η mass. This cannot be understood with quark models without the chiral U (1) anomaly. Similarly, relativistic quark models do not explain the large OAM obtained from the lattice calculation in Sec. 4. Both the chiral quark model studies 26 and lattice calculation of valence QCD 27, 34 reveal that the level reversal of the positive and negative parity excited states of the nucleon, i.e. P 11 (1440) (Roper resonance) and S 11 (1535), and the hyperfine splittings between the decuplet and octet baryons are dominated by the meson-mediated flavor-spin interaction, not the gluon-mediated color-spin interaction. All of these point to the importance of the meson degree of freedom (qq pairs in the higher Fock space) which is missing in the quark model.
To see how this comes about, one can follow Wilson's renormalization group approach to effective theories. It is suggested by Liu et al. 72 that the effective theory for baryons between the scale of 4πf π (∼ 1GeV), which is the scale of the meson size (l M ∼ 0.2 fm), and ∼ 300 MeV, which is the scale of a baryon size (l B ∼ 0.6 fm), should be a chiral quark model with renormalized couplings and renormalized meson, quark and gluon fields which preserve chiral symmetry. A schematic illustration for such division of scales a for QCD effective theories is illustrated in Fig. 5 . This suggestion is based on the observation that mesons and baryon form factor assume a monopole and dipole form, respectively. Since the πN N form factor is much softer than the ρππ form factor, it is suggested that the confinement scale of quarks in the baryon l B is larger than l M -the confinement scale between the quark and antiquark in the meson. This is consistent with the large-N c approach to hadrons where the mesons are treated as point-like fields and the baryons emerge as solitons with a size of order unity in N c . 74 Taking l M from the ρππ form factor gives l M ∼ 0.2 fm. This is very close to the chiral symmetry breaking scale set by Λ χ = 4πf π . Considering them to be the same, operators of low-lying meson a We should point out that although two scales are adopted here, they are distinct from those of Manohar and Georgi. 73 In the latter, the σ -quark model does not make a distinction between the quark fields in the baryons and mesons. As such, there is an ambiguity of double counting of mesons andstates. By making the quark-quark confinement length scale l B larger than the quark-antiquark confinement length scale l M , one does not have this ambiguity. fields become relevant operators below Λ χ . As for the baryon confinement scale, Liu et al. take it to be the size characterizing the meson-baryonbaryon form factors. Defining the latter from the respective meson poles in the nucleon pseudoscalar, vector, and axial-vector form factors in a lattice calculation 27 (see Fig. 17 in the reference), they obtained l B ∼ 0.6 − 0.7 fm, satisfying l B > l M . Thus, in between these two scales l M and l B (corresponding to the scale of ∼ 300 MeV), one could have coexistence of mesons and quarks in an effective theory for baryons.
An outline is given 72 to show how to construct a chiral effective theory for baryons. In the intermediate length scale between l M and l B , one needs to separate the fermion and gauge fields into long-range ones and shortrange ones
where ψ L /ψ S and A µ L /A µ S represent the infrared/ultraviolet part of the quark and gauge fields, respectively, with momentum components below/above 1/l M or Λ χ . One adds irrelevant higher-dimensional operators to the ordinary QCD Lagrangian with coupling between bilinear quark fields and auxiliary fields as given in Ref., 75 interpreting these quark fields as the short-range ones, i.e. ψ S and ψ S . Following the procedure by Li in Ref., 75 one can integrate out the short-range fields and perform the derivative expansion to bosonize ψ S and ψ S . This leads to the Lagrangian with the following generic form: 77 This would correspond to an effective theory in the chiral perturbation theory. In order for the chiral symmetry to be preserved, the effective theory of baryons at the intermediate scale necessarily involves mesons in addition to the effective quark and gluon fields. This naturally leads to a chiral quark effective theory.
Models like the little bag model with skyrmion outside the MIT bag,
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the cloudy bag model 79 and quark chiral soliton model 80 have the right degrees of freedom and, thus, could possibly delineate the pattern of division of the proton spin with large quark OAM contribution. In particular, the fact that the u and d OAM in the MIT bag and to some extent the LFCQM in Table 1 have different signs from those of the lattice calculation may well be due to the lack of meson contributions as demanded by chiral symmetry in the effective theory of baryons.
Summary
We discuss three examples in lattice QCD to highlight the role chiral symmetry and chiral dynamics play in baryons. From the observation of parity reversal of the excited the nucleon and ∆ spectrum and the phenomenological model for the πN scattering and N * states, it is suggested that it is the chiral dynamics that plays the leading role in the pattern of the low-lying baryon spectrum. This notion is supported by our study of the valence QCD and the fact that the lattice calculation of the Roper state by the non-chiral fermions at relatively coarse lattice spacing are substantially higher (by several hundred MeV's) than that of the chiral fermion which agrees with experiment.
All the differences of lattice calculations with different fermion formulation are supposed to go away as the lattice spacing approaches zero due to universality. However, at finite lattice spacing, the different results form non-chiral and chiral fermions serve to illustrate the role of chiral symmetry and confirm the observation that chiral dynamic seems to be ubiquitous in low energy hadron physics. Thus, it is essential to incorporate Goldstone bosons in the effective theory of baryons in addition to quarks and gluons below the chiral scale of 4πf π .
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